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Abstract 
Electrospinning is a simple, versatile technique for fabricating fibrous nanomaterials with the 
desirable features of extremely high porosities and large surface areas. Using emulsion 
electrospinning, polytetrafluoroethylene/polyethene oxide (PTFE/PEO) membranes were 
fabricated followed by a sintering process to obtain pure PTFE fibrous membranes, which 
were further utilised against a polyamide 6 (PA6) membrane for vertical contact-mode 
triboelectric nanogenerators (TENGs). Electrostatic force microscopy (EFM) measurements 
of the sintered electrospun PTFE membranes revealed the presence of both positive and 
negative surface charges owing to the transfer of positive charge from PEO which further 
corroborated by FTIR measurements. To enhance the ensuing triboelectric surface charge, a 
facile negative charge-injection process was carried out onto the electrospun (ES) PTFE 
subsequently. The fabricated TENG gave a stabilised peak-to-peak open-circuit-voltage (Voc) 
of up to ~900 V, a short-circuit current density (Jsc) of ~22 mAm-2 and a corresponding 
charge density of ~149 μCm-2, which are ~12, 14 and 11 times higher than the corresponding 
values prior to the ion-injection treatment. This increase in surface charge density is caused 
by the inversion of positive surface charges with the simultaneous increase in the negative 
surface charge on the PTFE surface, which was confirmed by using EFM measurements. The 
negative charge injection led to an enhanced power output density of ~9 Wm-2 with high 
stability as confirmed from the continuous operation of the ion-injected PTFE/PA6 TENG for 
30,000 operation cycles, without any visible reduction in the output. The work thus 
introduces a relatively simple, cost-effective and environmentally friendly technique for 
fabricating fibrous fluoropolymer polymer membranes with high thermal/chemical resistance 
in TENG field and an ion-injection method which is able to dramatically improve the surface 
charge density of the PTFE fibrous membranes. 
  
Introduction  
The development of nanogenerators as a type of physical devices to convert abundant waste 
mechanical energy into electricity has gathered significant pace over the last decade or so. 
Especially, the rapid development of portable devices and demands for battery-free, micro-
/nano- self-powered sensor systems is pushing new developments in the field of energy 
harvesting. Triboelectric nanogenerators (TENG), first developed by Prof. Wang’s group in 
20121, have scaled up quite rapidly in terms of their power output with current reported 
values of hundreds of watts per square meters.2 In fact, TENG based self-powered systems 
were demonstrated to effectively harvest mechanical energy from human motions, such as 
vibration during walking,3 finger typing,4 and from ambient sources such as water waves5–7 
or even the wind.8,9 The operation of TENGs is based on a judicious use of materials, with 
the highest power output from material combinations which are further apart in the so-called 
triboelectric series.10  
Polytetrafluoroethylene (PTFE), as one of the most triboelectric negative materials listed in 
the series, has been widely utilised in the area of TENGs for both energy harvesting and 
sensing devices.4,6,7,11,12 PTFE has a helical chain confirmation caused by the strong 
repellence amongst the fluorine atoms, thus providing the carbon backbone chain with a 
uniform coverage of fluorine which makes it highly inert to nearly all chemicals. Due to its 
high chemical resistance and thermal stability,13,14 most of the reported research on the use of 
PTFE for TENGs has focused on the use of commercial thin-film PTFE without any surface 
treatment4 or the use of treated PTFE films by expensive techniques like reactive ion 
etching15,16 for forming micro/nanostructures on the surfaces. It is commonly recognised that 
the enhancement of the surface areas by micro/nanostructures enhances the effective surface 
charge density, hence the power output of the TENG during the energy harvesting 
(contact/friction) process.17–20 Zhang et al.21 reported on nanowire structures on the surface of 
the PTFE thin-films by applying inductively coupled plasma reactive ion etching (ICP RIE) 
technology with a thin gold mask. Similarly, using a copper etch mask, Chen et al. 
synthesised ~1.5 μm long PTFE nanowires on a 50 μm thick PTFE film and further utilised it 
to fabricate a PTFE/Al TENG with an areal power density of 725 mWm-2.11 In a sliding mode 
TENG, the use of ICP RIE to create nanoparticles on the PTFE films was again shown to 
significantly enhance the power output to nearly 350 mW/m2.22 Although the PTFE thin-
films with relatively high nanostructured surface areas were successfully achieved using the 
ICP-RIE process, the procedure itself is dependent on capital-intensive equipment and 
processes are complicated and not economically scalable.  
In comparison, electrospinning (ES) is an extremely simple and broadly used technique 
which is capable of producing fibrous nanomaterials with intrinsically high porosity and large 
surface areas.23 Electrospinning relies on the electrostatic force generated between the 
needle(s) and the collector(s) to produce fine fibres from the charged polymer solution or 
melt. Since the strong mutual electrical repulsive forces can overcome the weaker forces of 
surface tension in the charged polymer liquid, the polymer jet can be formed from the 
charged polymer solution/melt drop, called as Taylor cone, and collected on the collector as 
fibres with diameters ranging from nanometer (nm) to several micrometres (μm).24 In 
previous studies, the technique has already been utilised in the field of TENGs for producing 
many different polymer membranes with fibrous surface structure, for example, 
polyvinylidene fluoride (PVDF),17,25 Nylon,25 ion gel26 etc. For these polymer materials, the 
solvent can be used to dissolve the polymers, so that the corresponding polymer solution can 
be used for electrospinning process. However, the fabrication of electrospun PTFE nanofibers 
is much more challenging owing to its high chemical resistance and thermal stability, which 
means it is nearly impossible to directly obtain/maintain the PTFE solution for 
electrospinning process. Moreover, since the PTFE does not show any branching behaviour 
and no chain entanglement, exceptionally high molecular weight (Mw) of up to 10,000,000 
g/mol is sometimes required to achieve sufficient mechanical strength.27,28 However, for such 
high Mw, the melt viscosity is then too high to process it through melt electrospinning.  
To overcome the challenges of using highly toxic solvents and very low solubility of 
fluorinated polymers, a feasible environment-friendly method for fabricating electrospun 
fibrous membrane has emerged, called as emulsion electrospinning.29–32 The method utilises 
the mixture of water-based polymer emulsion and water-soluble polymer (carrier) for 
fabricating composite fibres. After that, a sintering step is performed to process the 
unspinnable polymer particles into continuous fibres by eliminating the organic carrier.33–35 
Specifically for electrospinning PTFE, dispersion of PTFE particles in water, stabilised by 
wetting agents, have been used along with a blend of water-soluble polymer for the 
preparation of the PTFE fibrous membranes.29,36 Reports from Xiong et al.37 and Zhou et 
al.,38 have utilised polyvinyl alcohol (PVA) as the carrier material to produce PTFE/PVA 
composite fibres which were further sintered to obtain PTFE nanofibres. Similarly, Feng et al. 
have utilised polyethene oxide (PEO) as the carrier material to obtain PTFE nanofibres from 
intermediate PTFE/PEO fibres.29 It should be mentioned that until now, there have been no 
reports on the use of electrospun PTFE for applications into TENG devices.   
Herein, based on the fabrication of fibrous PTFE porous membranes by electrospinning and 
polyamide-6 (PA6) membranes by phase inversion process, we report on a cost-effective 
PTFE based vertical contact-mode TENG with a highly nanostructured rough surface. We 
further utilise an ion-injection process to introduce a high amount of stable static negative 
charges on the PTFE surface to significantly enhance the power output. While the average 
peak-to-peak output voltage (Vp-p) and output current density for the as-sintered ES 
PTFE/PA6 are ~77 V and ~1.6 mAm-2, corresponding to a charge density of ~13.5 μCm-2; 
after the ion-injection process the corresponding values increase dramatically and stabilise at 
~900 V, ~20 mA-2, and ~149 μCm-2 respectively. The electrospun, ion-injected PTFE/PA6 
TENG is able to deliver an output power of ~9 Wm-2, significantly higher than the values 
reported using the plasma processed PTFE nanowires-based TENGs. The static negative 
charges introduced on the surface of PTFE are highly stable in nature as measured using 
electrostatic force microscopy (EFM) and stability measurements carried out for nearly 
30,000 cycles. The work thus introduces a relatively simple, safe and cost-effective route to 
obtain PTFE nanofiber membranes via emulsion electrospinning. The further ion-injection 
process enables high surface charge density PTFE based triboelectric nanogenerators for 
energy harvesting applications and self-powered systems.  
 
Experimental  
Materials 
The aqueous dispersion of PTFE (62 wt%) was purchased from Dongguan Jin Ming plastic 
raw material Co. Ltd. (China), with an average PTFE particle size of 80 nm. The values of 
kinematic viscosity, density and pH value of the PTFE dispersion (at 25 °C) are in the ranges 
of 6-14 mm2s-1, 1.48-1.53 gcm-3 and 8-10, respectively. Polyethylene oxide (PEO, WAR-205) 
with a molecular weight (Mw) of approximately 600,000 gmol-1 was obtained from BDH 
Chemicals. Polyamide-6 (TECHNYL 1011 R) was obtained from Rhodia Ltd. The 
electrospinning solutions were prepared at various different weight ratios of PEO:PTFE with 
complete details provided in Table 1.  
  
Table 1. Preparation and composition of electrospinning solutions 
PEO 
(g) 
Deionized Water 
(ml) 
62 wt% PTFE 
(g) 
PEO/PTFE 
(wt/wt) 
0.29 4.37 9.68 0.04 
0.42 3.88 9.68 0.07 
0.56 3.74 9.677 0.09 
0.55 2.45 7.00 0.12 
 
Electrospinning and sintering of PEO-PTFE membranes  
Electrospinning of composite PEO-PTFE membranes was carried out in a home-built 
electrospinning setup incorporating a high voltage DC supply (Spellman RHR20PN30 
Medium Power HV, 0-20 kV), a syringe pump (Aladdin Infusion Pump AL300-220) and a 
stainless-steel mesh as the collector. All the electrospinning processing runs were performed 
at an applied voltage of 15 kV, collection distance of ~15 cm and a solution flow rate of 0.5 
mLh-1 with a deposition time of 20 min.  
The as-obtained electrospun PEO-PTFE membranes were further sintered to obtain pristine 
PTFE membranes. The sintering process was carried out in a high-temperature tube furnace 
(ELITE TSH12/100/750-2216) in a flowing nitrogen atmosphere at various temperatures 
(350, 360 and 370 °C) for 15 min after which the furnace was gradually reduced to the room 
temperature (~20 °C) in 8 hr in a pure N2 atmosphere. Figure S1 in Supporting Information 
(SI) is the photos of PTFE membranes before and after sintered at various temperatures. 
 
Fabrication of TENGs 
The physical structure of the contact-mode TENG is based on the conventional design shown 
in our earlier works.39 The PA6 membrane was prepared using a phase inversion process 
wherein the 20 wt% dope solution was prepared using formic acid by continuously stirring at 
approximately 70 °C for three hours. Further details on the spin-coating process and 
quenching temperature can be found in our earlier works.39 Figure S2 in SI shows the surface 
and cross-sectional morphology, displaying high porosity of the PA6 membrane used in this 
work. The obtained PA6 membranes were attached to the acrylic sheet using a conductive 
adhesive aluminium tape electrode. For the bottom contact layer, the porous electrospun 
PTFE membranes were again attached using a conductive aluminium tape. Two square 
acrylic sheets of 3 cm × 3 cm were used as the support substrate, and each of the membranes 
with an effective area of 2 cm × 2 cm was fixed at its centre.  
Characterisation 
A Hitachi S3400N scanning electron microscope (SEM) was used to observe the surface of 
PTFE, PA6 membranes and nanofiber morphology. Differential scanning calorimetry (DSC) 
was used to investigate the crystallinity as well as the presence of PEO in the PTFE 
membranes using a TA Instruments DSC Q2000. The samples, approximate weight of 2 mg, 
were heated at 10 °C.min-1 from 0 to 350 °C under 50 ml.min-1 N2 flow. The 
thermogravimetric analysis of the samples was carried out in the range of 25-700 °C at a 
ramp rate of 10 °C.min-1 in a nitrogen atmosphere, using the simultaneous DTA-TGA DT 
2960. The FTIR spectra of samples were obtained with a Thermo Scientific IS10 Nicolet at a 
nominal resolution of ±1 cm-1 for a total of 128 scans and the data obtained was analysed 
using the vendor-provided software, OMINIC. X-ray photoelectron spectroscopy (XPS) data 
were obtained on an AXIS Nova Spectrometer (Kratos Analytical Ltd., UK) utilising a 
monochromatic Al Kα X-ray source (excitation energy of 1486.6 eV). For binding energy 
calibration, the signal was calibrated to the F-C-F peak in the high-resolution C1s spectra at 
292.8 eV or the F1s signal at 689 eV.  
The spatial distribution of charges in the PTFE and PA6 membranes was investigated using 
the electric force microscopy (EFM). EFM experiments were performed at ambient 
conditions using an MFP3D-Atomic Force Microscope (Asylum Research, Santa Barbara, 
CA, USA). In the two-step EFM mode, the topographic image was obtained during the main 
scan in the tapping mode. During interleave (lift) mode, the probe was raised above the 
sample surface allowing the imaging of relatively weak but long-range electrostatic 
interactions while minimising the influence of topography. For the EFM imaging, we have 
used electrically conducting Pt/Ir coated Si probe (AC240 Electrilever, Olympus Valley, PA, 
USA) with a resonance frequency of 70 kHz and spring constant of 2 N/m.  
The electrical measurements of the assembled TENG devices were carried out using a 
combination of dynamic fatigue tester system (Popwil Model YPS-1), an oscilloscope 
(Tektronix MDO3022), and a pico-ammeter (Keysight B2981A). The fatigue test system, 
interfaced to a personal computer, performs repeated pressing/releasing in the 10-1000N load 
range at a 1-10 Hz controlled frequency range.  
Results and discussion 
Optimisation of PTFE:PEO ratio  
As discussed earlier, direct electrospinning of PTFE is inherently difficult due to its high 
chemical inertness and resistance13,14 and high melt viscosity which inhibits the use of melt 
electrospinning technique. Thus, techniques such as co-axial40 and emulsion 
electrospinning13,38 have been developed to prepare PTFE nanofiber membranes. Previously, 
Xiao et al have utilised a blend of polyvinyl alcohol (PVA) with PTFE followed by a 
sintering process to obtain PTFE nanofibers. However, it was observed that the high 
percentage of PVA (~30 wt%) led to poor tensile properties of the ensuing PTFE nanofibers. 
It is known that to obtain high-quality continuous nanofiber structure from un-spinnable 
polymers such as PTFE, the concentration ratio of sacrificial carrier to polymer needs to be 
tuned carefully. At low concentrations of the carrier polymer, no continuous nanofiber 
structures can be obtained, whereas high concentrations lead to the poor mechanical 
properties.29 Thus, an optimal value of carrier concentration is required where continuity of 
the fibres is maintained, and yet the carrier polymer can be eliminated during the subsequent 
sintering process. In our case, to obtain PTFE membranes with a uniform structure, i.e. 
displaying a good fibrous structure with the PTFE particles embedded uniformly in a PEO 
matrix, four different weight ratios (0.04, 0.07, 0.09 and 0.12) of PEO/PTFE were tried. The 
fibrous membranes collected from these four ratios of PEO/PTFE show a significant 
difference (Figure 1) in fibre morphology. At the lowest weight ratio of 0.04, no significant 
fibre structure could be observed, and the deposited film was full of beads (2±1 μm diameter 
sphere) with an only trace amount of fibre connections amongst them as shown in Figure 1a). 
Such morphology can be attributed to the small quantities of PEO which are unable to bind 
the PTFE particles together to form a continuous structure.  
Based on the previous research, it is known that with the percentage increase in the carrier, 
the bead-like structures can be reduced or even completely eliminated.29,38 Upon increasing 
the amount of PEO in the mixture to a weight ratio of 0.07 and eventually to 0.09 (Figure 
1b&c), the PTFE/PEO fibres transform from bead-like structure to more fibrous structures, 
with fibre diameters of 700±200 nm and 900±200 nm respectively. In fact, the bead-like 
structures are fully eliminated with the fibrous structure becoming continuous and uniform 
when the PEO/PTFE ratio is increased to 0.12 (Figure 1d), resulting in an average fibre 
diameter of 1100±200 nm. It should be noted that the PEO/PTFE ratio of 0.12 is significantly 
lower than that reported by Xiao et al (0.42, PVA/PTFE) and then makes it easier to remove 
the carrier polymer to obtain pure PTFE fibres with superior mechanical properties.37 
However, as compared to the recent report by Feng et al., our optimal ratio is nearly four 
times higher which could be due to various factors including PEO solution concentration (18 
wt%), Mw of PEO, and variation of electrospinning equipment and parameters.29 
 
Optimisation of sintering temperature 
The sintering temperature and process are keys to the formation of phase-pure PTFE 
nanofibers by eliminating the carrier PEO. To assess the sintering temperature range, we first 
carried out the TGA and DSC analysis of the pristine PEO and as-prepared ES PTFE/PEO 
samples. For pristine PEO, the TGA thermogram and its differential (DTG) curve revealed 
that the single mass-loss step occurs in the range of 320-450 °C, with an onset temperature of 
~350 °C and a residual weight of less than 4% at 600 °C. For the composite ES PTFE/PEO 
(0.12 ratio) sample, the thermogram shows an expected two-step mass loss, corresponding to 
the decomposition of PEO and PTFE phases, respectively. While the onset temperature of the 
PEO phase in the composite film is similar, the peak weight-loss temperature for the PEO 
component is lower (~385 °C), as compared to the pristine PEO (~405 °C), which can arise 
due to the interfacial effects between the PTFE and PEO components.29 The second mass loss 
step occurs in the range of 475-605 °C, corresponding to the decomposition of PTFE, with an 
onset temperature of ~500 °C.  
Now, considering the DSC melting curves for the pristine ES PTFE/PEO sample (Figure 2b), 
two melting peaks are observed in the range of 40-60 °C (TM PEO, 38.6 °C) and 310-330 °C 
(TM PTFE, 314.6 °C), corresponding to the melting of PEO and PTFE phases, respectively. 
Looking at these results, in a combination of the TGA results, it can be safely assumed that 
above sintering temperatures of 350 °C, the PEO will start to decompose while the DSC 
curve indicates that the PTFE will be in molten state (TM 314.6 °C). Thus, 350 °C can be 
considered as the lower limit of the sintering temperature range. Similarly, the PTFE 
component of the composite (which is in the molten state above its TM) is stable up to ~450 
°C beyond which its degradation begins and as such represents the higher sintering 
temperature threshold. Therefore, the sintering temperature range is concurred to be in the 
range of 350-450 °C, wherein the PEO would have decomposed while the molten PTFE 
particles could have fused together to form a continuous structure.  
Consequently, the ES PTFE/PEO samples were subjected to a sintering process at a fixed 
heating rate of 10 ℃/min from room temperature to the first target temperature of 350 ℃. 
From the SEM images shown in Figure 1d and Figure 3a, it can be observed that the PTFE 
particles are embedded uniformly in the PEO matrix. Upon heating to 350 ℃, a significant 
difference in the microstructure of the PTFE/PEO fibres could be observed, wherein the 
PTFE particles seem to have melted and fused together, giving rise to groove like structures 
across the length and diameter of the fibres (Figure 3b). At a still higher sintering temperature 
of 370 ℃, the transverse groove-like structures could still be observed across the fibres with 
an apparently smoother surface. Moreover, interconnections between the fibres caused due to 
the melting and reforming of the structure could also be observed. However, due to fibre 
shrinkage occurring during the sintering process, a significant difference in the resulting film 
thickness can be observed. Upon sintering at 350 ℃, the thickness of PEO/PTFE composite 
membranes is dramatically reduced from ~80 μm to ~15 μm (see the cross-sectional images 
prior and post-sintering of Figures. 3a&c). While an increase in the sintering temperature 
from 350 to 370 ℃ does not cause any appreciable change in the overall thickness of the film 
(see Figures. 3c&e), however, a variation in the film colour, ranging from bright white for 
pristine PTFE/PEO to slight grey (350 ℃) and dark grey (380 ℃) was observed for the 
sintered samples (see Figure S1, Supporting Information). Previous work by Xiao et al., using 
a 0.42 PVA/PTFE ratio, reported of cracks, inhomogeneity and discontinuity of sintered 
PTFE fibres due to the decomposition of a significant amount of PVA.37,41 In our case, due to 
the much lower PEO/PTFE ratio (0.12), PTFE particle wrapped inside the PEO fibres were 
fully melted together without significantly changing the fibre morphology and is in line with 
the results reported by Feng et al.. 29  
Also, in our case, the removal of PEO from the composite fibres was confirmed using the 
DSC wherein no PEO melting peaks were observed for sintered samples (Figure 2b). PTFE is 
a highly crystalline polymer as evidenced by the relatively high crystallinity value (ΔXc) of 
nearly 82.6% for the as-deposited PTFE/PEO composites. Upon sintering, a reduction in the 
ΔXc was observed with a value of nearly 62.5% for the samples sintered at 350 °C, 58.0% for 
samples sintered at 360 °C and a value of 59.7% for samples sintered at 370 °C. This 
reduction in the crystallinity upon sintering is attributed to the melting and recrystallization of 
PTFE during the sintering process and has been observed previously by Feng et al. as well.29 
The sintered PTFE nanofibers also exhibit an extensive crystalline transition at ~20 °C due to 
a transformation of the Phase II helix crystal structure (below 20 °C) first to the Phase IV 
hexagonal crystal structure (above 20 °C) and then to the Phase I hexagonal crystal structure 
(beyond 25 °C).42 Interestingly, this phase transition was not observed for the composite 
films and only appeared for the sintered films, hence indicative of the purity of the PTFE 
nanofibers upon sintering process. 
Further confirmation of the removal of PEO by sintering was corroborated using the FTIR 
and XPS analysis. In the FTIR spectrum of PTFE (shown in Figure 4a), the most prominent 
peaks are observed at ~1201 and 1145 cm-1, originating from the C-F bonds of PTFE.43 In 
contrast, the infrared spectrum of PEO is much more complex with bands at around 1341 and 
1467 cm-1, corresponding to the vibrations of the CH2 group, with further strong bands 
observed at 1093 and 960 cm-1, ascribed to the asymmetric CO stretching vibration.44 In the 
region, around 2880 cm-1, the strong band from PEO is attributed to the symmetric and 
asymmetric CH stretching.45 Now, comparing the pristine ES PTFE/PEO and the samples 
sintered at various temperatures (350, 360 and 370 °C), no bands from PEO (PEO band 
positions marked as * in Figure 4a) could be observed, indicating the removal of PEO from 
the composite fibres, at least not detectable by FTIR and XPS measurements. The presence of 
oxygen-related functionalities in the as-deposited ES PTFE/PEO composite fibres was also 
confirmed through XPS analysis (Figures. 4b-d). As shown in Figure 4b, for the pristine ES 
PTFE/PEO composite sample, the WESS shows a conspicuous peak of O1s at ~530 eV. The 
surface atomic quantification of the pristine ES PTFE/PEO sample provides a value of 47.6, 
44.0 and 8.4 at% for carbon (C), fluorine (F) and oxygen (O), respectively with an F/C ratio 
of 0.92. The core level C1s signal for the pristine ES PTFE/PEO sample shows the presence 
of C-C/C-H (at 284.8 eV) and C-O (at 286.3 eV) components present in the PEO. Upon 
sintering at 370 °C, the surface atomic concentrations change to 34.0, 65.9 and 0.1 at% for C, 
F and O, respectively, with a resulting F/C ratio of 1.9, which is very similar to the expected 
value for pristine PTFE.27,28,46 As compared to the pristine ES PTFE/PEO (full-width at half-
maximum, FWHM 1.3), the line width of the C1s spectra in the sintered sample shows a 
higher value (2.2) which can be attributed to the formation of possible defects in the 
structure. However, both the C1s and F1s peaks demonstrated no peak shift, which indicates 
that the oxygen species being removed during the sintering process do not react with the 
chemically stable PTFE surface. The results show the optimal sintering temperature to 
remove PEO and form continuous fibrous structures is ~360 °C. Such processed PTFE 
nanofibers were used to fabricate the TENG devices as shown in the following section.  
Electrical characterisation of TENGs 
Considering the triboelectric series, PTFE is one of the strongest tribo-negative materials due 
to the presence of significant quantities of electronegative fluorine in the structure, whereas 
the polyamide can readily provide the charge, which is then accepted by the PTFE and as 
such the system can provide a significantly high power output.10 As both the voltage and 
current outputs of the TENG are proportional to the surface triboelectric charge density, the 
resulting power output has a quadratic dependence on the surface charge density. As shown 
in Figures. 5a&b, the TENG assembled using the PA6 and sintered ES PTFE, under an 
external force of 50 N and contact frequency of 5 Hz, produces an open-circuit voltage (Voc) 
of ~40 V, with a short-circuit peak current density (Jsc) of ~1.6 mAm-2 (corresponding to a 
charge density of 13.7 μCm-2). The values obtained here are very similar to those reported by 
Yang et al., in their work on triboelectric nanogenerators prepared using thin films of PTFE 
and PA.47 Through the judicious use of materials, surface nanostructuring and further 
introduction of static surface charges, the power output of the TENGs can be further 
improved significantly. However, it is observed that, for PTFE based TENGs, the negative 
charges were required to be introduced to the surface of the PTFE films in advance of the 
TENG fabrication processes to improve the electrical outputs. The negative charge 
introduction processes were realised by either a direct high-voltage charge injection5 or are 
the side effect of the RIE process11,22,47,48 with relatively high equipment requirement.  
Herein, we have utilised a commercial anti-static gun (Zerostat 3, Milty) to achieve the same 
effect through the direct deposition of the negative ions directly onto the ES PTFE surfaces.49 
The working principle of the anti-static gun is based on the piezoelectric effect which consists 
of ‘two-cycle’ operation. A compression trigger and two piezoelectric crystals are embedded 
inside the gun which generates positive ion flow when the trigger is squeezed and negative 
ion flow when the trigger is released.50–52 By repeating these squeezing-releasing operations, 
the positive and negative charges can be induced on the target surface. The anti-static gun is 
usually used for deionization process or preventing electrostatic charge attracting dust onto 
critical samples/surfaces in the laboratories.51 In Bharat’s research, the anti-static gun was 
utilised to deposit the negative charge on the surface of hydrophobic polystyrene to form a 
negatively charged surface.52 In our work, we have deposited negative ions on the assembled 
ES PTFE/Al layered structure at a vertical distance of ~2 cm (shown in the inset of Figure 
6a). It has been shown previously that during the release cycle, various ions including 𝐶𝑂3−, 
𝑁𝑂3
− , 𝑁𝑂2− , 𝑂3−  and 𝑂2−  are injected, making the surface negatively charged. In order to 
calculate the amount of negative charge injected onto the surface of PTFE surface, the ES 
PTFE layer of the TENG was connected with a coulomb meter (PH0913-N8) through the 
back Al electrode. From the measurements, it was observed that an overall charge density of 
~150 μCm-2 flowed from the ground to the back electrode of membrane for each ion-injection 
cycle and is indicative of the amount of charge deposited on the PTFE surface. This 
enhancement in the surface charge density was further confirmed using EFM analysis and is 
discussed later.  
The electrical output measurements of the TENGs, which were carried out at the condition of 
50 N impact force, 5 Hz contact frequency and 5 mm spacer distance; before and after the 
ion-injection process are shown in Figures. 5a&b. Prior to the ion-injection process, the 
maximum peak-to-peak voltage (Vp-p), current density and charge density were measured to 
be ~77 V, ~1.6 mAm-2 and ~13.5 μCm-2, respectively. After the ion injection process, 
corresponding values are dramatically increased to ~960 V, ~25 mAm-2 and ~160 μCm-2 (see 
insets Figure 5a-ii, Figure 5b-ii and Figure S3, Supporting Information) which eventually 
stabilise to Vp-p value of 900 V, current density of ~22 mAm-2 and corresponding charge 
density of ~149 μCm-2, nearly 12, 14 and 11 times higher than those of the pristine ES PTFE 
sample. However, with further charge-injection steps, there is no further electrical output 
enhancement being observed. Thus, it is reasonable to assume that, after the first-time ion-
injection process, the charge on the surface of ES PTFE had already reached its maximum 
surface density. This behaviour is significantly different from the one observed by Wang et 
al. in their work on charge injection in fluorinated ethylene propylene (FEP).49 In the case of 
the electret FEP, the presence of voids within the FEP structure allows for a significantly 
higher density of charges to be deposited onto the surface, unlike the electrospun PTFE 
membranes which do not have similar porosity.  
The working mechanism of the dielectric-to-dielectric contact TENG is based on the 
triboelectric effect induced electrostatic charges on the PTFE and PA6 films.19 When two 
different tribo-materials are brought into contact, a contact-charge exchange will occur to 
maintain the electrostatic equilibrium state on the interface. When a material (donor) contacts 
with the negatively charged surface, to achieve the electrostatic equilibrium state on the 
contact interface, it will tend to lose more electrons, which will lead a higher density of 
positive charge on the surface after separating. According to Niu. et al, the transferred charge 
of the TENGs are directly proportional to the surface charge density of the contact 
materials.19 Thus, the deposition of the negative charge on the surface of the material will 
dramatically increase the transferred surface charge density on both sides of the contact 
surfaces.  As the value of transferred charge density is enhanced via ion-injection, it causes 
the induced electric potential established between the two electrodes on the back of the 
triboelectric materials to increase to a higher-level due to electrostatic induction, which leads 
to higher output performance.  
Figure 5c&d show the output voltage and current measurements for the ion-injected ES 
PTFE/PA6 TENG operated at various external forces from 20-80 N at a fixed driving 
frequency (5 Hz) and spacer distance (4 mm). It can be clearly observed that even at 
relatively low force (20 N) conditions, the ES PTFE/PA6 TENG provided an open circuit 
voltage and current density of ~400 V and 15 mA/m2. With an increase in the impact force, 
both the electrical output parameters increase almost linearly with the applied impact force.  
The output powers of the ion-injected ES PTFE/PA6 TENG at working condition of 50 N, 5 
Hz impact frequency were measured by connecting the TENG to different load resistors 
(Figure 6a). Displaying the classical behaviour for maximum transfer power, the current 
amplitude drops with the increase of load resistance owing to the Ohmic losses. The 
instantaneous peak power (P=I2R) is maximised at a load resistance of 200 MΩ, 
corresponding to a peak power density of ~9 Wm-2.  
To further study the stability of such ion-injected TENGs, we operated the ES PTFE/PA6 
TENG for over 30,000 energy generation cycles at a working frequency of 5 Hz. Within the 
100-minute operation time, no attenuation of the Voc values could be observed, thus 
indicating that the ion-injection process is an effective practical method for fabricating high-
power output TENGs. In addition, the sintering process not only helps to eliminate the carrier 
but also lead to much higher mechanical properties which can help sintered membranes based 
TENGs to maintain the surface structure under high-pressure compressions and provide 
highly stable electrical outputs during the long-term resistance test.29 It is necessary to 
mention that, in order to initialise the dynamic fatigue tester system, the ion-injected PTFE 
membrane layer needs to be kept in contact with the PA6 membrane for several minutes for 
calibrating the impact position before the TENG electrical output test.  Thus, the negative 
charges can stay stable on the surface of dielectric materials even after keep contacting with 
other dielectric materials. 
Apart from the deposition of negative-ion on the electrospun PTFE membrane surface, an 
additional positive ion-injection operation was applied to the positive tribo-material surface 
(PA6 membrane) to further enhance the TENG output. However, compared to the negative 
ion-injection process on the PTFE surface, the effect of the positive ion-injection to PA6 
surface on the output performance of the TENG is negligible. It can be observed from Figure 
S6 in SI, that the positive injection merely provided a negligible instant voltage output 
improvement (~10 V). Furthermore, the stability of injected charge was quite poor wherein 
the injected charge was eliminated within the ~200-second continuous test.  
To investigate the stored charge on the PTFE and PA6 membranes, EFM experiments were 
conducted. EFM operates in a typical “lift-mode” and is based on the fact that an oscillating 
cantilever is sensitive to long-range electrostatic force gradients. Variation in probe-sample 
capacitance (C) created by stored charges (q) or surface charges in the sample is detected by a 
dual-pass measurement approach. During the first pass scan, the conductive probe in standard 
tapping mode measures topography. In a second “nap” pass, the topography data allows the 
probe to retrace the scan line at a constant height or a fixed height (lift height 𝑧) above the 
surface. Increasing the lift scan height or separating the probe and sample enhances 
sensitivity to long-range electrostatic forces, while maintaining constant height minimizes 
effects from other interactions such as van der Waals forces. During the nap pass, the 
cantilever is excited to its resonance frequency, and a DC voltage, VEFM, is applied between 
the probe and the sample. If the surface of the sample is homogeneous and no electric charges 
trapped, the EFM signal is uniform and constant all over the surface. However, the presence 
of trapped or stored electric charges would shift the resonance frequency of the cantilever. 
The resulting changes in the amplitude and phase of the cantilever at the oscillation frequency 
are recorded in the EFM amplitude and phase channels. The use of phase measurement in 
EFM is a direct and fast way to detect qualitatively electrostatic force gradients. This change 
in phase or phase shift of the cantilever is given as:39 
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Where Q is the quality factor, k is the spring constant of EFM cantilever, and z0 is the 
cantilever equilibrium position, F is the electrostatic force experienced by the probe and Vq is 
the surface potential due to q charges.   
Figure 7a-c shows the topography, EFM amplitude and EFM phase signal of the uncharged 
sintered PTFE, respectively, while Figure 7d-f shows the topography, EFM amplitude and 
EFM phase signal of the charged PTFE. The amplitude signal is significantly enhanced in the 
charged PTFE sample (Figure 7e) as compared to uncharged PTFE sample (Figure 7b). The 
contrast phase and amplitude images demonstrate the heterogeneity of the charge distribution 
in the samples. These images allow the identification of specific areas characterised for the 
absence or presence of charge. However, EFM phase measurements are more sensitive to the 
distribution of charge in the sample than amplitude measurements.  
The phase measurement contains information about the direction of the electrostatic force 
(i.e. polarity of charges), On the other hand, the amplitude difference is only an indication of 
the presence of charge, regardless of its polarity. The EFM image acquired with VEFM = 3 V 
before charge injection is shown in Figure 7c, revealing the presence of both positive and 
negative charges for the uncharged ES PTFE sample.  If VEFM has the opposite sign of Vq, the 
force gradient decreases and dark features appear in the EFM phase image. The EFM signal 
here is the cantilever phase shift ϕΔ  required to maintain a constant cantilever phase in the 
EFM pass. In the absence of trapped or stored charge, the phase shift is due to the variation of 
the probe-sample capacitance during the linear pass of the probe over the sample. For 
fluorinated polymers (such as PTFE), it is expected that the samples would show a highly 
negative surface owing to the electronegative fluorine in the structure. Comparatively, the 
polymers containing oxygen groups (such as PEO) would show positively charged and 
positive surface potential.53 Previous studies by Burgo et al. have shown that the PTFE 
surface consists of macroscopically segregated positive and negative charge domains, rather 
than exclusive negative charges.54 In their report, it has also been argued that the positive 
macro-domains on PTFE are formed by species derived from contact with polyethylene. This 
effect can be further demonstrated by observing the EFM scanning result shown in Figure 7i. 
Without ion-injection, both positive charge domain and negative domains can be detected 
from the surface of a commercial PTFE film (FLOFILMTM 100 12.7 μm thickness) with a 
relatively flat surface. By combining the commercial PTFE film with a PA6 membrane as a 
TENG device, the respective outputs (shown in Figure S4) were observed to be lower than 
the ES PTFE based TENG without ion-injection process. After being treated with the similar 
ion-injection process, the output performance of the commercial flat PTFE film based TENG 
is significantly lower than the electrospun PTFE based one at the same working conditions 
(shown in Figure S5 in SI). In particular, the charge density of the electrospun PTFE TENG 
(~149 μCm-2) is almost twice that of the flat PTFE film one (~85 μCm-2), which is attributed 
to the much higher effective surface area of the contact interface, even though the surface 
patterns of the PA6 surface and the electrospun PTFE surface are not fully geometrically 
matched yet. 
In our case, before the sintering process, the existence of both positive and negative domains 
on ES PTFE-PEO composite fibre surface can be confirmed by observing Figure S7c. 
Although crystalline phase PEO segments have been decomposed and removed through the 
sintering process, isolated residual segments may still exist on the PTFE nanofibers. These 
residual PEO segments can induce a net positive charge on the surface of the sintered PTFE 
as visible in Figure 7c, which may contribute to residual positive charge on the sintered PTFE 
surface alongside the negative charge. This inference is supported by the enhancement of the 
C-H stretching band in the 2800-3000 cm-1 region in the FTIR spectrum, which can only 
come from the species derived from PEO as the PTFE with its CF2-CF2 structure should not 
show any C-H stretching (Figure 7h). Similar results have also been shown by Burgo et al. in 
their work on the identification of charged species in PTFE/PE system.54 The presence of 
positive charges on the sintered PTFE sample and commercial PTFE sample can also 
potentially explain the poor electrical response from the fabricated TENGs prior to the 
charge-injection process. When the sample is charged by the ion-injection process, the 
electrospun fibres in the sample show higher contrast or larger phase shift (Figure 7f), due to 
higher force gradient, which physically corresponds to the attractive interaction between the 
stored charge (i.e. negative charges) and capacitive charges (positive charges) at the EFM tip. 
Figure 7g shows the bias dependent (with attractive and repulsive tip potentials) EFM results 
on the charged ES PTFE-PA6 sample. The parabola fitting curve (black dash lines) matches 
well with the experimental data points and confirms that the choice of +4 V and -4 V as the 
maxima of the sweeping voltage keeps the data points within a parabolic regime. Thus, the 
EFM measurements confirm the neutralised positive domain and enhanced negative charge 
density on the ES PTFE surfaces upon ion-injection treatment.  
 
Conclusion 
High purity PTFE fibrous membranes with the large surface area were successfully fabricated 
by emulsion electrospinning technique followed by a high-temperature sintering process. 
Combining with the phase inversion PA6 membranes, the fabricated PTFE fibrous 
membranes were further applied for producing TENG devices. Subsequently, a simple 
negative ion-injection process was utilised not only to neutralise the positive charge 
introduced by the PEO with oxygen groups, but also dramatically enhance the surface 
negative charge density of the PTFE membranes. The electrospun PTFE fibrous membranes 
based TENG exhibits a remarkably high output performance when contacted at a 5 Hz 
working frequency, the device gave a stable peak-to-peak open-circuit voltage of 900 V and 
short-circuit current density of 20 mAm-2, corresponding to a current density of ~149 μCm-2. 
In addition, a maximum power density of ~9 W/m2 was obtained at an impedance matching 
condition with high stability and reliability. The work unambiguously shows a simple, cost-
effective, and environmentally-friendly technique for fabricating PTFE fibrous membranes 
and fully demonstrates their great application potential in the field of energy harvesting. 
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Figure 1. SEM images of the electrospun PEO/PTFE composite fibres at different PEO:PTFE weight 
ratios of (a) 0.04, (b) 0.07, (c) 0.09 and (d) 0.12. 
 
 
 
Figure 2. (a) TGA and DTG scans for the pristine PEO and un-sintered ES PTFE/PEO and (b) DSC 
analysis of the un-sintered and sintered PTFE/PEO fibrous membranes. 
 
Figure 3. Fibre cross-section SEM images of a PEO/PTFE composite nanofibre membrane (a) before 
and after sintering process at (c) 350 °C and (e) 370 °C, and surface morphologies of a pristine ES 
PTFE/PEO electrospun samples (b) before and after sintering process at (d) 350 °C and (f) 370 °C, 
respectively. 
 
 
Figure 4. (a) FTIR absorption spectrum of samples including pristine PEO, PTFE and ES PTFE/PEO, 
before and after sintering at various temperatures, (b) wide energy survey spectrum (WESS) of an as-
deposited pristine ES PTFE/PEO and  sintered at 370 °C , (c) core-level C1s and (d) O1s spectra 
showing the removal of oxygen species associated with the PEO after the sintering process.  
 
 
 
Figure 5. Electrical measurement results of the sintered ES PTFE/PA6 TENG, before and after ion-
injection. The (a-i) open circuit voltage (Voc) and (b-i) short-circuit current density (Jsc) measurements 
were carried out at an impact force of 50 N, a frequency of 5 Hz and a spacer distance of 5 mm for the 
TENGs. Further measurements of Voc and current density as a function of impact force on the ion-
injected ES PTFE/PA6 TENG are shown in (c) and (d) respectively. The TENG had received one ion-
injection process. The insets (ii) in (a) and (b) show the stability of open voltage and current density 
after the ion-injection step.  
 
 
Figure 6. (a) Power density vs. load resistance curve, showing a maximum output power of ~9 Wm-2 
at a load resistance of 200 MΩ; the inset (i) is the schematic of the ion-injection process, (b) stability 
of the ion-injected surface charge on the ES PTFE surface as measured via the operation of ion-
injected ES PTFE/PA6 TENG for 30,000 energy generation cycles at a working frequency of 5 Hz. 
 
 
Figure 7. (a) Surface topography, (b) EFM amplitude and (c) EFM phase for the uncharged sintered 
ES PTFE nanofibers, with the corresponding images (d-f) shown after the ion-injection process. The 
EFM corresponding results of the commercial PTFE film are shown in the images (g-i). The increase 
in the EFM amplitude and phase difference can be clearly observed after the charge injection process 
and is indicative of the successful deposition of static negative charges on the surface. (j) EFM phase 
signal as a function of the probe-sample voltage at a scanning height of 200 nm. (k) The increase in 
the intensity of C-H stretching band of FTIR spectrum in the post-sintering sample is indicative of the 
transfer of the positive charge from the PEO to PTFE.   
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